Abstract-A novel half-bonded chirped fiber Bragg grating on a natural rubber diaphragm has been proposed to enhance the sensitivity and to compensate the temperature effects of a hydrostatic liquid-level sensor. This innovative fabrication method is resulted in the narrowing of the bandwidth with the hydrostatic pressure sensitivity recorded at −253 pm/kPa and water column sensitivity at −0.0253 nm/cm. The bandwidth modulation measurement was insensitive to temperature variations when compared with center wavelength modulation measurement. Furthermore, the proposed hydrostatic liquid-level sensor is compatible with a low-cost photodetector.
I. INTRODUCTION
L IQUID-LEVEL sensors that are non-electrical conductive, resistant to electromagnetic interference (EMI), and immune to explosive environment caused by spark have become an important criteria for water level monitoring in water management and fuel storage system. As discussed in most studies [1] - [5] , fiber Bragg grating (FBG) sensor appears to meet all the important criteria as compared to conventional electrical liquid level sensor. However, FBG sensor has one major disadvantage, where the relative Bragg wavelength shift is sensitive to both the liquid level induced hydrostatic pressurized strain and environmental temperature concurrently. Thus, an essential temperature compensation technique is required to compensate the temperature for more accurate liquid level measurement.
Over the years, various temperature insensitive liquid level sensors have been investigated and reported. Special sensors [6] - [9] fabricated by joining multiple fibers through splicing is capable in achieving very high sensitivity. Yunshan et al. [6] [10] . Etched chirped FBG (CFBG) developed by Chang et al. [11] retrieved very high sensitivity at 12.14 nm/cm across 0.56 cm. However, etching away the optical fiber makes the sensor more fragile to environmental disturbance [4] . Furthermore, all the aforementioned special sensors have limited sensing range restricted by grating and fiber length.
Bonding of FBG to a cantilever beam structure [1] - [3] , [12] , [13] can increase the sensing range of the liquid level measurement. Lai et al. [2] bonded an FBG to a cantilever beam and column buoy to retrieve sensitivity at 0.01491 nm/cm across the range of 78 cm. The diaphragm-based [14] - [19] liquid level sensor reported on a higher measurement range. Bonding of FBG to a carbon fiber composite diaphragm recorded sensitivity at 0.00185 nm/cm across the range of 1000 cm [14] . However, most of the structure-based FBG liquid level sensors are submerged in water, which is suitable only for open bodies of water. For enclosed storage tanks and vessels, liquid level sensor that is screwed to the tank from the outside is more practical. This liquid level sensor senses the water column through hydrostatic pressure, which is directly proportional to the height of the liquid.
To date, several metallic diaphragm pressure transducers [20] - [27] have been reported. Recently, Liang et al. [21] utilized a sensing FBG to measure the pressure change while a reference FBG was used to compensate the temperature variations. The use of 17-4PH stainless steel diaphragm led to sensitivity at 0.0357 pm/kPa. Liang et al. [22] utilized two FBGs bonded on two sides of a 304 stainless steel diaphragm-cantilever structure and obtained a temperature insensitive pressure sensitivity at 0.34 pm/kPa. The use of high Young's modulus diaphragm resulted in low pressure sensitivity. In addition, two FBGs are needed to compensate the temperature effects. Allwood et al. [28] bonded an FBG to a low Young's modulus rubber diaphragm and retrieved a highly sensitive pressure sensitivity at 116 pm/kPa. However, the use of a single uniform FBG based on the center wavelength modulation technique is susceptible to temperature effects.
Thus, this paper reports a hydrostatic liquid level sensor to measure the water column and the hydrostatic pressure based on the use of CFBG and natural rubber diaphragm. The short period grating of the CFBG was bonded on the diaphragm, while the long period grating was set free. Due to this, the reflected chirped bandwidth underwent narrowing and obtained liquid level measurement sensitivity at −0.0253 nm/cm across the range of 200 cm, while the hydrostatic pressure sensitivity was recorded at −253 pm/kPa across the range of 20 kPa. The bandwidth modulation technique was temperature insensitive, when compared to center wavelength modulation.
II. THEORY
The proposed pressure transducer consists of three fabricated parts, which are retaining ring, pressure chamber, and natural rubber diaphragm, as shown in Fig. 1(a) and Fig. 1(b) . Eight pieces of M4 × 30 mm Allen bolts were used to tighten the retaining ring and rubber diaphragm to the pressure chamber. The bottom of the pressure chamber was attached with a 12 mm × 40 mm male air hose fitting, which had been adequate with common 12 mm female pneumatic coupler. ∼19 mm grating length of CFBG inscribed by varying the grating period from short to long was applied as the sensor.
The short period grating at 9.5 mm length, which was half the total length of the whole grating, had been bonded on the diaphragm, whereas another 9.5 mm half, which is the long period grating, was set free without any bonding on the diaphragm. However, the long period grating was pasted on a rubber sheet with the dimension of 15 mm × 3 mm × 1.26 mm (length × width × thickness), as shown in Fig. 1(c) to ensure equal thermal expansion was achieved between the short and long period of grating. Fig. 2 illustrates the reflected spectrum of the CFBG at zero height of liquid level. The short and long period wavelengths read from −47 dBm reflection power were recorded at λ B S = 1531.007 nm and λ B L = 1558.329 nm, respectively. The bandwidth of the spectrum was λ B L − λ B S = 27.322 nm, while the center wavelength was
= 1544.668 nm. Due to the broad bandwidth of more than 20 nm and limitation of the optical spectrum analyzer (OSA) that operated within the wavelength of 1527 nm until 1565 nm, the bandwidth was narrowed instead of broadening by allowing tension elongation wavelength shift at λ B S . During the hydrostatic pressurization, P, the deformed rubber diaphragm resulted in center strain, as expressed in [24] , [28] , [29] :
where ν and E r are Poisson's ratio and Young's modulus of the diaphragm, respectively. R is the radius and t is the thickness of the diaphragm. The high Young's modulus of the optical fiber restricted the deformation of the diaphragm, where the axial strain, ε f , that acted on the optical fiber, can be expressed in terms of ratio as [15] :
where d r is the diameter of the diaphragm and d f is the diameter of the fiber. Thus, the relative wavelength shift during pressurized strain and thermal expansion experienced by the short period grating can be expressed as:
The long period grating that was pasted on the rubber sheet but free from bonding on the diaphragm had been expected to experience only thermal expansion of the rubber,â r during temperature variations, which can be expressed as:
The bandwidth, λ BW , of the whole spectrum can be obtained by subtracting away Eq. (3) from Eq. (4), as follows: Since λ B L is constant and free from pressurized strain, thus λ B L − λ B S can be replaced with an equivalent wavelength of λ 0 . Thus, the hydrostatic pressure sensitivity, K P , can be expressed as:
The height, h, of the liquid can be determined from the hydrostatic pressure as:
where every 10 cm increase of water is equivalent to 0.981 kPa ≈ 1 kPa of hydrostatic pressure. Thus, the water column sensitivity can be expressed as:
where
Based on the obtained properties tabulated in Table I , the calculated hydrostatic pressure sensitivity was K p = −0.7892 nm/kPa, whereas the water column sensitivity was K C = −0.0789 nm/cm.
III. EXPERIMENTAL SETUP AND RESULTS

A. Hydrostatic Pressure and Water Column Measurement Results
The experimental runs were carried out in two independent conditions. First, the water levels were varied under constant environmental temperature at 28.5 • C. The schematic set-up of the experiment is portrayed in Fig. 3 .
The proposed hydrostatic liquid level sensor was attached to a water storage tank and illuminated by an Amplified Spontaneous Emission (ASE) broadband light source through an optical circulator. The reflected spectrum was split by using the optical splitter. The bandwidth change was monitored from the OSA, while the total reflection power was read from the photodetector (PD), which can be calculated as [30] :
where V is the voltage, is the resistance, and P i is the reference wattage. By increasing the water level from 0 cm to 200 cm in steps of 10 cm inducing hydrostatic pressure ranges from 0 kPa to 20 kPa, the wavelength of the short grating period, λ B S started to shift from an initial wavelength at 1531.007 nm to a final wavelength at 1536.663 nm; altering the bandwidth of the spectrum, as shown in Fig. 4 . The results clearly indicate that the bandwidth narrowed as the liquid level increased. Meanwhile, the wavelength of the long period grating, λ B L , was constant at the wavelength of 1558.329 nm, which justified that the half bonding method resulted in strain-free on the long period grating. Fig. 5(a) and Fig. 5(b) show the bandwidth change and the center wavelength of the spectrum against liquid level and hydrostatic pressure, respectively. Initially, the bandwidth recorded at 27.322 nm was narrowed to a final bandwidth of 21.666 nm. The experimentally obtained hydrostatic pressure sensitivity was −0.253 nm/kPa or −253 pm/kPa, whereas the water column sensitivity was −0.0253 nm/cm. Both the experimental hydrostatic pressure sensitivity and water column sensitivity were lower than the calculated sensitivity values. This could be due to the high Young's modulus of the optical fibre and the stiffened adhesive glue that reduced the strain deformation of the rubber, as reported by Gu et al. [31] and Marques et al. [17] . Bonding of CFBG that was not exactly at the center of the diaphragm might have also contributed to this discrepancy. However, the obtained sensitivity was higher than most of the reported work mentioned in the literature.
The hydrostatic pressure sensitivity was 83,224 times higher than the standard silica glass bare FBG [32] . It is also higher than most of the diaphragm-based pressure transducers [19] - [27] . In comparison with the rubber diaphragm pressure transducer developed by Pachava et al. [27] , the sensitivity was twice enhanced. The proposed hydrostatic liquid level sensor did not utilize the center wavelength measurement, thus unaffected by temperature variations. The water column sensitivity at −0.0253 nm/cm could also be compared favorably with most of the cantilever-based liquid level sensors [1] , [2] , [12] , [13] . It is 35 times higher than the bourdon tube level sensor reported by Sengupta et al. [33] .
The disadvantage of the proposed hydrostatic liquid level sensor is that it is incapable of performing multipoint measurement, when compared to the multi-sensor liquid level sensing technique developed by Marques et al. [16] - [19] . The multi-sensor sensing system is capable of performing multipoint measurement at varied heights, as compared to a single sensor. However, the proposed hydrostatic liquid level sensor worked in a higher range, which is up to 200 cm without damaging the diaphragm. This high work-range is suitable for water management systems [34] as the minimum height of a city scale water storage tank is 200 cm [35] .
Since narrowing of bandwidth can alter the total reflection power, the hydrostatic liquid level sensor is also compatible to be incorporated with a low-cost PD, which is more costeffective. Fig. 6 shows the total reflection power versus liquid level and the total reflection power versus hydrostatic pressure. The slope of the total reflection power against liquid level shows sensitivity at −0.0279 dBm/cm, whereas the total reflection power against hydrostatic pressure retrieved sensitivity at −0.2792 dBm/kPa, which is eight times higher than the work in [36] .
B. Temperature Measurement Results
Next, temperature variation experiments were conducted under a constant pressurized strain to investigate the temperature parameter towards the performance of the proposed hydrostatic liquid level sensor. By submerging the hydrostatic liquid level sensor in water bath at an initial temperature of 30.5 • C, the water was heated incrementally to a final temperature of 55.5 • C with a step of 5 • C. The same experimental set-up is also depicted in [37] . Fig. 7 portrays the reflected spectrum at certain temperature change. It was noted that the CFBG appeared to be less sensitive to temperature change due to the large bandwidth. Du et al. [38] stated that a large resonant bandwidth of more than 20 nm can result in low accuracy of resonant center wavelength shift.
At 30.5 • C, the bandwidth at 26.463 nm underwent a slight narrowing as the temperature increased. The bandwidth was recorded at 26.513 nm at the final temperature of 55.5 • C; resulting in the highest variance of 0.05 nm bandwidth change, as illustrated in Fig. 8 . The 0.05 nm discrepancy was equal to the pressure tolerance of 0.198 kPa from the total sensitivity of −253 pm/kPa. The slight bandwidth change was insignificant to the total reflection power, as shown in Fig. 9 . This justified that the bandwidth change is only sensitive to pressurized strain, but insensitive to temperature change.
However, rubber is a temperature-dependent material, as reported by Leal-Junior et al. [39] . According to Leal-Junior et al. [39] , the Young's modulus of the rubber is inversely proportional to increment in temperature. As the Young's modulus decreased, the deflection of the diaphragm increased, as shown in Eq. 3 until Eq. 8. This resulted in the variations of the sensitivity. In order to overcome this, calibration on the sensor from time to time can be performed for better accuracy. Furthermore, the proposed sensor should be limited to operate at normal ambient temperature range to prevent rapid softening of the rubber.
IV. CONCLUSION
This study has successfully demonstrated that the novel method of utilizing CFBG with the half bonding technique on the rubber diaphragm could enhance its sensitivity with immunity to temperature change. The pressure sensitivity of the proposed hydrostatic liquid level sensor recorded sensitivity at −253 pm/kPa, while the water column sensitivity was −0.0253 nm/cm. The hydrostatic liquid level sensor can be integrated with a PD to be more cost-effective.
